Estimation formulas are usually used to calculate renal depth when glomerular filtration rate (GFR) is measured by the Gates method. Horseshoe kidney (HSK) anatomical structure is different from the normal form of the kidney. The existing formulas are based on the normal form. It is unknown whether the existing formulas are valid in HSK patients. This study was performed to estimate the accuracy of the existing 6 renal depth estimation formulas in HSK.
Introduction
Horseshoe kidney (HSK), a congenital anomaly of renal fusion, is one of the most common renal anomalies. [1] For HSK patients and patients with kidney diseases, it is important to accurately evaluate renal function to determine a suitable treatment plan. [2] Accurate assessment of glomerular filtration rate (GFR) is essential for interpreting clinical symptoms, drug dosing, detecting and managing kidney disease, and assessing prognosis. [3] GFR refers to the amount of ultra-filtrate kidneys generated per unit time, which is an important indicator of kidney function. [4] Renal dynamic imaging with Tc-99m DTPA (diethylenetriaminepentaacetic acid) is an ideal method for the determination of GFR also known as the Gates method. [5] However, the accuracy of this method is affected by many factors; among them, renal depth is an important one. Renal depth deviation can cause GFR error, [6] a +/À 1 cm error in true kidney depth which may cause a 18% difference in GFR in adults. [4] Estimation formulas are often used to calculate renal depth. The existing 6 formulas [4, [7] [8] [9] [10] [11] are based on the normal form of the kidney. Most HSK patients have abnormal kidney rotation and fusion of the kidneys at the lower poles to form an isthmus, and its anatomical structure is different from the normal form. It is unknown whether the existing formulas are valid in HSK patients. In this study, we therefore examined the accuracy of the existing 6 renal depth estimation formulas in HSK patients.
Materials and methods

Materials
The study was approved by the Ethic Committee of Chinese PLA General Hospital and the written informed consent was obtained from each patient. The research objects of this article were patients undergoing routine clinical PET/CT or CT studies, and 94 HSK patents were selected. Patients with ascites, a single kidney, or masses that might distort the renal depth were excluded. Renal depth was determined by measuring from the skin on the posterior aspect of the renal at the renal hilum and then taking an average of these values to determine a mean depth (Fig. 1) . The total thickness (T, cm) of the body at the level of the kidneys was also measured by CT (Fig. 1) . The following data were recorded: sex, age, height, weight, thickness, and renal depth ( Table 1) .
Methods
Estimation formulas were used to obtain estimated renal depth. Estimated renal depth was compared with the CT measured renal depth.
The existing 6 formulas are as follows:
1. Tonnesen formula [7] : 
Statistical analysis
All data were expressed as mean ± standard deviation of the mean (SD). Correlation analysis was performed between estimated and the CT measured renal depth, and the correlation coefficient was calculated. The agreement between estimated and the CT measured renal depth was evaluated with Bland-Altman analysis reporting the bias (average of the differences between estimated and the CT measured renal depth), SD, and the 95% limits of agreement (average of the differences between estimated and the CT measured renal depth ± 1.96 Â SD). Paired t test was performed between estimated and the CT measured renal depth. 
Results
Correlation analysis
There was a strong and significant correlation between estimated and CT measured renal depth, but Ma GY formula is better than the other 4 formulas; the correlation coefficients were 0.80 (P < .01) for right renal and 0.77 (P < .01) for left renal, respectively (Fig. 2) . We found the scatter of the data about the regression line was substantial and different for both kidneys for the various formulas used (Fig. 2) . While right renal depth was better than left renal depth, Li Q formula and Ma GY formula had better performance than other 4 formulas.
Bland-Altman analysis and paired t test
Estimated renal depths were lower than the CT measured renal depth. Based on the scatter plots in Figure 3 , we found 6 formulas tended to underestimate renal depth for both kidneys. The scatter did not appear to be random but dependent on the depth as determined from the CT images. The error increased as CT measured renal depth increased. The renal depth derived from Tonnesen formula was significantly lower than the CT measured renal depth (Fig. 3, A1 and A2 ). The agreement between the estimated renal depth derived from Tonnesen formula and the CT measured renal depth was the worst, with the mean difference of (right: À3.11 ± 1.13 cm; left: À2.79 ± 1.07 cm). The correlation coefficients of Taylor formula were worse than Tonnesen formula (Fig. 2, A and B) , but the agreement of Taylor formula was better, the deviation was À1.86 cm (Fig. 3, B1 and B2 ). The correlation coefficients of Inoue formula and Tonnesen formula were the same (Fig. 2, B and C) , while the agreement of Inoue formula was much better than Tonnesen formula, the deviation was À1.66 cm (Fig. 3, C1 and C2) . The agreement between the estimated renal depth derived from Li Q formula and Ma GY formula and the CT measured renal depth was the best (Fig. 3 , D1-E2), with the mean difference of right: À1.68 ± 1.09 cm; left: À1.32 ± 1.06 cm and right: À1.59 ± 1.01 cm; left: À1.59 ± 0.99 cm, respectively. Although Li Q formula and Ma GY formula were better than the other 4 formulas, the greatest error between Li Q formula and Ma GY formula and the CT measured renal depth was up to À4.83 cm. Paired t test showed that there was significant difference between estimated and CT measured renal depth (Table 2 ).
Discussion
The renal depth is important in determining the attenuation coefficient used to calculate kidney function from scintigraphic scans. [4] Most HSK patients have abnormal kidney rotation and fusion of the kidneys at the lower poles to form an isthmus that usually lies anterior to the great vessels at the level of the third to fifth lumbar vertebra creating a U-shape. [12] Accordingly, the renal depth differs from the normal kidney. Therefore, use of existing formulas for estimating the renal depth in HSK patients will lead to errors, that is, when DX = 1 cm, GFR = 100 mL/min, DGFR/GFR = 17.65%. [4] Previous study [2] found that GFR measured by 99m Tc-DTPA renal dynamic imaging is significantly lower than estimated GFR which was estimated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation in HSK patients. We postulated that some of this error could be explained by inaccuracies of estimated renal depth.
Correction for soft-tissue attenuation is necessary to quantitate renal accumulation, and an estimate of renal depth is commonly used for attenuation correction. The accuracy of a camera-based method depends on the accuracy of estimated renal depth. In this study, we estimated the accuracy of the existing 6 renal depth estimation formulas in HSK. The results showed that all the existing renal depth estimation formulas performed poorly and trended toward underestimated HSK's renal depth. When Tonnesen formula is used to estimate HSK's renal depth, the deviation of GFR will be up to approximately 54%. Although Li Q formula and Ma GY formula were better than the other 4 formulas, the greatest deviation of GFR was up to approximately 87% which was unacceptable. It is very important to accurately estimate the renal depth of HSK when using Gates method for the determination of GFR. To provide reliable and accurate renal depth, a new formula for HSK needs to be developed and validated. Based on existing data, we have developed a new formula to estimate the renal depth in HSK patients. But the new formula was not satisfactory. In stepwise regression equations derived process, the contribution of the same variable was different in left and right renal depth equation. We speculate that may be the sample size is not big enough, so our next task is to collect more cases and set up a new formula then evaluate its accuracy.
Conclusion
All the existing renal depth estimation formulas do not apply to HSK. To provide reliable and accurate estimates of renal depth, we should develop a new formula to estimate the renal depth in HSK patients.
